We investigated the interaction between trehalose and alkaline-earth metal ions. The nuclear relaxation times of carbon atoms of trehalose were shortened by addition of the alkaline-earth chloride salts, MgCl 2 , CaCl 2 , and SrCl 2 , indicating that trehalose formed metal-complexes with the alkaline-earth metal chlorides. From the data of the 1 H-1 H coupling constants of trehalose in the presence of the alkaline-earth chlorides, it appeared that trehalose formed complexes with MgCl 2 , and CaCl 2 at the various complexing sites: Mg 2þ was coordinated to O-4 and O-4 0 of trehalose, and Ca 2þ to O-2 and O-3. We succeeded in the preparation of two types of crystals of the trehalose/CaCl 2 . One was a crystal consisting of trehalose, CaCl 2 , and water in a ratio of 1:1:1. The other was an anhydrous crystal containing trehalose and CaCl 2 in a ratio of 1:2. Several applications of the complexing between trehalose and the metal ions for food processing are proposed.
Alkaline-earth metals, especially calcium ions (Ca 2þ ) and magnesium ions (Mg 2þ ), are important elements in biological systems. Ca 2þ functions as an essential modulator of the activity of all cells in the bodily system, and of course as a main component of bones. Mg 2þ is responsible for stimulation of enzymic activity. In addition to the biological points, these minerals are significantly concerned with food processing. The rheological properties of food are influenced by the kind and amount of these minerals. In foods, minerals are mixed together with other components such as carbohydrates, proteins, lipids, and so on.
The interaction between carbohydrates and alkalineearth metals has been studied for a long time. Lactose, sucrose, maltose, D-galactose, D-fructose, and many other carbohydrates are highly soluble in absolute methanol containing sufficient calcium chloride. 1) This high solubility strongly suggests the formation of carbohydrate-calcium chloride complexes. The order of the effectiveness with which metal ions complex with carbohydrates is Ca 2þ > Mg 2þ > Na
2) The ions of alkaline-earth metals appear to be more reactive than those of the alkali metals. The solvent also is an important factor in the formation of the metal complex. The effectiveness of the metal ions for complex formation in the solvent decreases in the following order: methanol > ethanol > water. The extremely low stability of the complexes in water can be explained by the greater tendency of metal ions to associate with water molcules. 3) Trehalose is a non-reducing disaccharide consisting of two D-glucose molecules linked together by an ,-1,1 linkage. This saccharide occurs widely in nature, in microorganisms, plants, and invertebrates. 4) Recently, mass-production of trehalose from starch was developed, 5) and this saccharide is now extensively used in the food, cosmetic, pharmaceutical, and medicinal industries. This saccharide functionally acts on many ingredients of food, water, starch, protein, lipid, and so on. The unsaturated structure in fatty acids interacts with trehalose through the OHÁ Á Á and CHÁ Á ÁO interactions.
6) The interaction with trehalose causes inhibition from oxidation of fatty acids occurring around the unsaturated structure. 7) This saccharide also possesses strong hydration activity. 8) In this paper, we report on the interaction between trehalose and alkaline-earth metal ions and crystallization of the complex of trehalose and calcium chloride. We also report on the application of trehalose complexing with alkaline-earth metal ions. y To whom correspondence should be addressed. Tel: +81-86-231-6731; Fax: +81-86-231-6738; E-mail: okukaz@hayashibara.co.jp side), lactose (-D-galactopyranosyl-D-glucose), D-glucose, calcium chloride dihydrate, magnesium chloride hexahydrate, strontium chloride hexahydrate, and calcium lactate pentahydrate were purchased from Wako Pure Chemical Industries (Osaka, Japan). Pork meat and leaves of spinach and spring Chinese chrysanthemum (shungiku) were purchased in the daily market in Okayama in 2000, and were used immediately after purchase.
Materials and Methods
Crystallization of trehalose/calcium chloride complexes. The crystals of the complexes of trehalose and calcium chloride were obtained from aqueous solutions containing trehalose and calcium chloride in ratios of 1:1 and 1:2. For preparation of the crystals made of trehalose and calcium chloride complex in a ratio of 1:1, a solution containing 0.5 mol of trehalose and 0.5 mol of calcium chloride was evaporated at 40 C up to 70 (w/w) % concentration as trehalose. When the concentrated solution was kept at 25 C for 16 h, crystals formed in the solution. The crystals were separated on a glass filter, washed with a small quantity of water, and dried with phosphorus oxide. In order to prepare the crystals containing trehalose and calcium chloride in a ratio of 1:2, a suspension containing 37.8 g (0.1 mol) of trehalose dihydrate, 14.7 g (0.2 mol) of calcium chloride dihydrate, and 20 ml of water was heated and dissolved. After boiling for 5 min, we let the mixture stand at 60 C for 4 h, and the mixture solidified. The solidified mixture was shattered to pieces and dried at 40 C for 16 h in vacuo. The X-ray diffraction of the crystals was measured using an X-ray diffraction system (model RAD-2B, Rigaku Denki, Tokyo, Japan).
NMR analyses. The crystals of the complexes of trehalose and calcium chloride in a ratio of 1:1 were used as the sample for NMR analyses. The complexes of trehalose/magnesium chloride and trehalose/strontium chloride were prepared as follows: The solution containing the mineral salt (0.5 mol) and trehalose (0.5 mol) was evaporated and dried at 80 C for 16 h in vacuo. The sample (50 mg) was dissolved in 1 ml of deuterium oxide (D, 99.9%, Cambridge Isotope Laboratories, MA, U.S.A.). The NMR measurements were done at 25 C using an FT-NMR spectrometer (model JMN-AL300, Nihon Densi, Tokyo, Japan), operating at 300. 9) The spin-lattice relaxation times of 13 C (T 1 ) were measured using a conventional inversion-recovery method, that is, a repeated 90 --90 . The time interval of the repetition was taken always to be five times greater than T 1 . The signal recovery was single exponential decay. The NMR data were processed using a software package, Alice WINNMR 2.1, attached to the NMR apparatus. The 1 H-1 H coupling constants of trehalose in the presence of the metal salts were measured. The initial conformation of trehalose complexing with MgCl 2 or CaCl 2 was determined using the Karplus equation. 10) The MOPAC2002 program was used for the semiempirical level of molecular orbital calculations.
11)
Molecular structures were displayed using the Mercury graphic software. In the semiempirical calculation, the PM5 hamiltonian 11) was used.
Assay for the mineral contents. The samples containing Na and K were diluted with 1% HCl, and the samples containing Mg and Ca were diluted with 1% HCl containing 5% of lanthanum chloride solution for atomic absorption analysis.
12) The contents of the minerals were measured using an air-acetylene frame atomic absorption spectrophotometer (model 5100, Perkin Elmer Japan, Yokohama, Japan) at 589.0 nm, 766.5 nm, 422.7 nm, and 285.2 nm for Na, K, Ca, and Mg respectively.
Calcium dissolution in aqueous potassium phosphate solution. Mixtures of trehalose (1-10% as the final concentrations) and CaCl 2 (2.5 mM) were added into aqueous potassium phosphate solution (40 mM, pH 6.8) and stirred at 37 C for 3 h. After centrifugation (10;000 Â g for 10 min), the calcium contents in the supernatants were assayed by atomic absorption spectrophotometer.
Assay of chlorophyll. Spinach leaves (5 g) were soaked in 500 ml of the saccharide solution for 10 min, and then heated and boiled for 5 min. Five grams of the boiled leaves were added into 100 ml of 80% (v/v) acetone and stirred at 4 C for 16 h. Chlorophyll and pheophytin in the extract solution were assayed according to the method of Kariakin et al.
13) The weight of the dry solid of the boiled leaves was measured after drying at 80 C for 16 h in vacuo, and the contents of chlorophyll and pheophytin per dry solid weight were calculated.
Formation of insoluble matter (aku) from pork meat and spinach leaves. Pork meat (30 g) and spinach leaves (20 g) were added into 400 ml of water containing trehalose or sucrose. The solution was heated and boiled for 5 min. After being cooled to room temperature, the boiled meat and leaves were removed from the solution. The insoluble matter formed in the solution was collected on the filter paper and washed with 500 ml of water. The weight of the insoluble matter was measured after drying at 40 C for 18 h. The fat content in the insoluble matter was determined by measuring the weight of the extract after extraction with a chloroform/ methanol solution (2:1) and evaporation for removal of the solvent. The protein content was assayed by the Lowry method 14) after dissolution in a hot 0.5 M NaOH solution. The insoluble matter was deduced to ashes at 500 C for 18 h and dissolved in 1% HCl. The contents of Ca and Mg in the ashes were measured using an atomic absorption spectrophotometer, as described above.
Results
Interaction between trehalose and alkaline-earth metals
When trehalose was mixed with equal moles of MgCl 2 , CaCl 2 , or SrCl 2 , we observed no crystal-forming of trehalose in the trehalose-supersaturated (50% at 20 C) solution. On the other hand, alkaline metal salts, NaCl and KCl, gave trehalose crystals under the same conditions. These results suggest that trehalose formed metal-complexes with the alkaline-earth metal salts. 13 C-NMR analysis showed that the alkaline-earth metal salts shortened the nuclear magnetic relaxation times (T 1 ) of the carbon atoms of trehalose ( Table 1 ). The chemical shifts of the carbon atoms were negligibly influenced by the metal salts. The shortening of T 1 by MgCl 2 was significantly observed at C-4 and -4 0 of trehalose. CaCl 2 and SrCl 2 lowered the T 1 s of all carbons of trehalose except C-6 and -6 0 by SrCl 2 . Although the lowering of T 1 at C-4,4 0 by CaCl 2 and SrCl 2 was less than that by MgCl 2 , the T 1 s of other carbons, especially C-2,2 0 , were shortened by CaCl 2 and SrCl 2 more than by MgCl 2 . These 13 C-NMR results indicate that trehalose formed metal complexes with the alkaline-earth metal chlorides, but that the structures of the metal complexes were different among the metal salts. The 1 H-1 H coupling constants of trehalose in the absence or presence of the alkaline-earth metal chlorides were measured (Table 2) . Each metal caused lowering of the constants at H-2,3, H-3,4, and H-4,5 and the degree of lowering was MgCl 2 , > SrCl 2 > CaCl 2 . In addition to these three constants, the constant at H-3 0 ,4 0 was lowered by MgCl 2 most remarkably. The conformation of trehalose complexing with MgCl 2 or CaCl 2 was determined using the Karplus equation.
10) The molecular calculation showed a possible structure of the MgCl 2 -complex where O-4 of one D-glucose residue and O-4 0 of the other residue of trehalose were coordinated to the magnesium ion ( Fig. 1-a) . On the other hand, the calcium ion was bound with one side of the D-glucose residues of trehalose, O-2 and O-3 ( Fig. 1-b) . It is suggested that trehalose forms complexes with MgCl 2 and CaCl 2 at the different complexing sites.
Crystallization of the trehalose-CaCl 2 complex When trehalose was mixed with equal mol of CaCl 2 and evaporated up to 70% trehalose, we obtained crystals of the trehalose-CaCl 2 complex (form-I) containing trehalose and CaCl 2 in a ratio of 1:1. On the other hand, no crystal formed from the mixtures with MgCl 2 or SrCl 2 . The X-ray diffraction pattern of the trehalose-CaCl 2 complex (form-I) is shown in Fig. 2-b . Crystals of the trehalose-CaCl 2 complex containing trehalose and CaCl 2 in a ratio of 1:2 (form-II) showed a different pattern of X-ray diffraction (Fig. 2-c) from the form-I complex. Analysis of the composition of the complexes indicated that the form-I complex contained trehalose (704.6 mg/g), CaCl 2 (247.4 mg/g), and water (48.0 mg/g) in a ratio of 1:1:1. The form-II complex was an anhydrous crystal consisting of trehalose (604.5 mg/ g) and CaCl 2 (395.5 mg/g) in a ratio of 1:2.
Effect of saccharide on calcium dissolution in aqueous potassium phosphate solution
The calcium ion reacts on the phosphate ion and forms insoluble calcium phosphate salts. Trehalose increased the Ca 2þ content in the supernatant depending on the trehalose dosage ( Table 3 ). The increment of the content by trehalose was more than that by maltitol, reported to possess chelating activity. 15) Other saccharides, maltose, sucrose, and lactose, showed no effect. These results indicate that trehalose inhibits the formation of insoluble calcium-phosphate salts by the interaction between trehalose and calcium ions.
Applications of the interaction between trehalose and magnesium ions
When pork meat was boiled in water, mineral ions in the meat were eluted in the boiling water. We examined the effects of various saccharides on the elution of mineral ions (Table 4) . About 29-77% of the mineral ions in the meat were eluted in the boiling water by boiling for 5 min. Among the mineral ions, Mg 2þ was significantly inhibited from eluting from the meat by trehalose. Ca 2þ elution was slightly inhibited. The elution of other mineral ions, Na þ , and K þ , was negligibly influenced by trehalose. It was interesting that maltitol increased the elution of Ca 2þ and Mg 2þ in contrast to trehalose. Similar effect of trehalose was observed in vegetables; 53% inhibition of Mg 2þ -eluting from spinach and 52% from spring Chinese chrysanthemum (shungiku). Residual amounts of chlorophyll and pheophytin (a Mg-free derivative of chlorophyll) in the spinach leaves were measured ( Table 5 ). The residual amount of chlorophyll in the presence of trehalose was at a high level (50% of raw leaves) in comparison with sucrose (19%) and in the absence of saccharide (32%). Thus trehalose inhibited the Mg 2þ -elution from tissues, probably by interacting with the mineral ions.
It is well-known that a large amount of insoluble matter (aku in Japanese) formed when meat and vegetables were boiled together. As shown in Table 6 , trehalose significantly affected the formation of insoluble matter from pork meat and spinach. The percentages of proteins and fats in the insoluble matter were 15% and 80% respectively, and were independent of trehalose, but 10% of trehalose increased the content of Ca from 1.326 mg to 1.593 mg and decreased the content of Mg from 2.550 mg to 0.156 mg. These results indicate that the formation of insoluble matter, which was decreased by the addition of trehalose, was closely related with Mg 2þ but not Ca 2þ elution. Trehalose suppressed the formation of insoluble matter by interacting with Mg 2þ eluted from the tissues, which inhibited Mg 2þ elution from pork meat and spinach.
Discussion
It is well-known that carbohydrates form complexes with metal ions. The typical complexing sites of carbohydrates are 1,3,5-triaxial triol, such as cis-inositol, and axial-equatorial-axial (a,e,a) triol on a six-membered ring such as epi-inositol.
16) Although many saccharides, such as D-glucose, D-fructose, lactose, and sucrose, do not have the 1,3,5-triaxial and a,e,a triol structures, they can interact with alkali and alkalineearth metal ions, 17) indicating that carbohydrates can bind to the mineral ions at other sites besides 1,3,5-triaxial and a,e,a triols. Indeed, X-ray structure analysis of the crystals of sucrose . NaBr . 2H 2 O indicated that the cation was coordinated to O-4 and O-6 of the D-glucosyl moiety. 18) Our NMR analyses showed that trehalose interacted with the alkaline-earth metal ions Mg 2þ , Ca 2þ , and Sr 2þ . The molecular orbital calculation suggested that the magnesium ion was coordinated to O-4 of one D-glucose residue and to O-4 0 of the other residue of trehalose (Fig. 1) . On the other hand, the calcium ion was coordinated to O-2 and O-3 of one side of the D-glucose residues. The difference in the binding sites between Mg 2þ and Ca 2þ may be related to the radii of the mineral ions (Mg 2þ < Ca 2þ < Sr 2þ ), because the largest ion, Sr 2þ , showed coordinates similar to those of Ca 2þ . The small ion, Mg 2þ , may be makes no sense, in the space between the two D-glucose residues of trehalose.
We succeeded in preparing of two types of crystals of the trehalose/calcium chloride complex. One was a complex consisting of trehalose, calcium chloride, and water in a ratio of 1:1:1. The other was an anhydrous crystal containing trehalose and calcium chloride in a ratio of 1:2. It is reasonable that trehalose is bound with two calcium ions if the metal ion is coordinated to O-2 and O-3 of the D-glucose residues, because trehalose has two pairs of the hydroxyl group, O-2,3 and O-2 0 ,3 0 , in two D-glucose residues. Until now, only crystals of the trehalose/CaBr 2 have been reported as the complex of trehalose and metal ions. 19) The bromide complex was prepared as a model of calcium-D-glucan interactions occurring within dental plaque. Our calcium complexes are expected to be used in the food industry because calcium chloride is sanctioned as food additive. The crystals of the trehalose/calcium chloride complex are low hygroscopic and ameliorate the deliquescence of calcium chloride. The tertiary structure of the trehalose/ CaBr 2 crystals revealed that the calcium ion was coordinated to O-2 and O-3 of the D-glucose residue of trehalose, in agreement with our putative structure of the interaction between trehalose and calcium chloride. Calcium chelation through the O-2-O-3 pair of hydroxyl groups of the D-glucose residue was also observed in the crystal structures of lactose/calcium bromide heptahydrate and lactose/calcium chloride heptahydrate.
20) The crystal structure of the trehalose/calcium chloride complex will be reported elsewhere. Calcium and magnesium ions are attracting great attention as the nutrients insufficient in modern people. The interaction between trehalose and the metal ions is useful for food processing. The improvement in the solubility of calcium ions by trehalose can be applied to drinks containing calcium ions. The inhibitive effect of trehalose on Mg 2þ elution from tissues may be applied to green vegetables, retaining the fresh color after boiling in water. Indeed, trehalose inhibited Mg 2þ elution from chlorophyll in spinach, and the leaves boiled in a solution containing trehalose retained a similar shade of color to fresh leaves (data not shown). The inhibitive effect of trehalose on Mg 2þ elution was observed in various articles of food other than meats and vegetables. For example, when Japanese noodles (udon) were boiled in a solution containing 10% of trehalose, the Mg 2þ elution was 10.4 mg/g of udon, less than one third of that boiled in water (32.5 mg/g of udon). The inhibition ratio of Mg 2þ elution from pork meat (low Mg 2þ ; 26 mg/100 g content) by trehalose was about 40% of non-addition of saccharide, almost the same for spinach (high Mg 2þ ; 70 mg/100 g content), suggesting that inhibition of Mg 2þ elution by trehalose was independent of the content of Mg 2þ in tissues. Although the mechanism of the inhibitive effect of trehalose on Mg 2þ elution was not clarified, the binding mode of trehalose to Mg 2þ may cause the inhibitive action of trehalose. Our NMR data suggest that trehalose held Mg 2þ in both D-glucose residues. Trehalose might chelate to Mg 2þ bound to substances such as proteins or chlorophyll as if it covers the bound metal ions with D-glucose residues. It is probable that Mg 2þ is sandwiched between the two D-glucose residues in trehalose and that these substances may be inhibited from its elution.
